Introduction
Selenium has recently emerged as one of the more prominent elements of biochemical interest, not only as a result of its status as an essential element, 1 but as a consequence of its putative chemopreventive role in cancer, 2, 3 in addition to serving as a potential antagonist for the uptake of mercury. 4, 5 Further elucidation of the efficacy or toxicity of selenium in human and plant metabolic processes will rely heavily on speciation, since the effect of selenium is dependent on which chemical form is ingested (primarily elemental and selenite), and subsequently expressed in the form of a number of selenoproteins. 6 Selenoand selenosulfur-amino acids appear to be ubiquitous metabolites, 7, 8 with selenosugars among the products of excretion. 9 The identification of selenometabolites has come to rely principally on either HPLC-ICP-MS, ESI-MS-MS, 10 or their combination. 6, 11 The latter permits unambiguous identification without the need for standards of the authentic selenium species being available, whereas ICP-MS provides for a more sensitive and robust detection, and is currently the technique of choice for the speciation of selenium in biological samples. 10 Intrinsically volatile selenium species have been characterized by GC-MS, 12 and anionic species by ESI. 13 The large number of selenoamino peptides of interest and their range of concentration in samples has also identified the need for their quantitation at ultra-trace levels.
14 One of the current limitations of atomic spectroscopic detection techniques is the low efficiency of the introduction of liquid-phase samples. Vapor generation techniques, when coupled to ICP-MS, offer a number of significant advantages, [15] [16] [17] not the least of which is an enhancement in detection power. For selenium, this approach to sample introduction was identified as providing the greatest S/N ratio and highest isotope ratio precision. 18 It is interesting that selenium is one of the elements amenable to vapor generation based on irradiation of its anions in solutions of low-molecular-weight organic acids, [19] [20] [21] [22] as opposed to conventional hydride generation, which suffers greater potential interferences as well as generates significant quantities of hydrogen, detrimental to the operation of most plasma based detection systems.
To date, photochemical vapor generation (PVG) has been successfully applied to the generation of SeCO and SeH2 from selenite, 20, 22 and in the presence of a TiO2 catalyst, selenate is also amenable to vapor generation. 23, 24 PVG response from organoselenium compounds is currently unknown. The speciation of Se(IV), Se(VI), selenocysteine and selenomethionine was accomplished by Simon et al. 25 following an on-line assisted UV oxidation of all compounds and their subsequent reduction in the presence of I -and conversion to SeH2 using the 2012 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. By exposure to appropriate UV intensities, rapid and quantitative oxidation/reduction of inorganic selenite, selenate and several organoselenium compounds representative of those of biochemical/metabolic interest, including selenomethionine, selenobetaine, L-selenocystine, selenomethylselenocysteine, γ-glutamyl-seleno-methylselenocysteine and selenocystamine, is achieved. In the presence of acetic acid, quantitative conversion to volatile SeH2 and SeCO occurs using a flow-through system comprising a highly efficient 40 W UV lamp for oxidation in tandem with a lower power 8 W UV photocatalytic reactor utilizing a thin-film coating of titania. The volatile reduced species are detected by atomic absorption spectrometry using a heated quartz tube atomizer. Direct photochemical conversion of selenite, selenomethionine, L-selenocystine, γ-glutamyl-Se-methylselenocysteine and selenocystamine occurs in the presence of 5% acetic acid, following exposure to an 8 W UV field, to yield volatile detectable species, whereas selenobetaine and selenate are unresponsive unless the latter is first subjected to oxidation by exposure to a highly efficient 40 W UV lamp and the selenate reduced in the presence of titania. Notes conventional sodium borohydride reductant. Recently, Chen et al. 26, 27 reported on the photochemistry of a number of inorganic and organoselenium compounds, while noting that the photochemical oxidation rates of Se(IV) to Se(VI) were substantially enhanced in the presence of even 10 -3 M HNO3, but that this process was inhibited by the presence of 10 -2 M Cl -. Under UV irradiation, organoselenium compounds went through two successive photochemical reactions in pure water: photo-cleavage followed by photo-oxidation to form Se(VI). Both steps were accelerated in the presence of NO3 -, but the second step required acidic conditions, and was inhibited by the presence of Cl -. In this study, we demonstrated the efficacy of a fully UV mediated approach to the serial oxidation of organoselenium compounds, followed by their reduction to Se(II) in the presence of low-molecular-weight organic acids to yield volatile SeH2 and SeCO species for the purposes of enhanced sample introduction efficiency and concurrent improved detection capabilities for atomic spectrometry.
Experimental

Instrumentation
A tandem flow through a photoreactor system was constructed from two low-pressure mercury discharge lamps connected in series. The first, a 40-W lamp, described in detail by Nakazato and Tao, 28 consisted of an approximately 28 cm discharge length of 1.6 mm i.d. × 3.0 mm o.d. synthetic quartz tubing secured, to and extended within, and through the body of the mercury lamp. This assembly was housed in an air-cooled metal box which was purged with nitrogen to minimize the formation of ozone. The second component was constructed from 2 one-meter lengths of 3 mm i.d. × 4 mm o.d. quartz tubing secured on opposite sides of a 1-m long 8 W, 254 nm germicidal lamp (Model VL-8.C, www.vilber.com) with the aid of aluminum foil. One such 1-m length of tubing was internally coated with an active layer of TiO2, whereas the other was clean quartz. A schematic of the system is presented in Fig. 1 . The interior surface of the upper tube running the length of the second discharge lamp was coated with TiO2, whereas the lower one was an untreated tube. The solution flow could be directed to either one to study the impact of the photocatalyst. The two photoreactors were interconnected in series via PTFE tubing to form a contiguous path for the transport of aqueous samples. Samples were propelled through the tubing with the aid of a Minipuls 2 peristaltic pump (Gilson, Middleton, WI) fitted with appropriate tubing to deliver a sample solution flow rate of nominally 1 mL min -1 , although the pump speed was varied so as to change the sample UV irradiation time or residence time of a sample exposed to the UV fields. UV vapor generation was accomplished in a continuous-flow mode as the sample was passed through the system and subjected to varying residence times in the presence and absence of UV radiation from each of the lamps. A 50 mL min -1 flow of Ar purge gas was introduced into a thin-film gas-liquid separator taken from a Tekran Model 2620 AFS mercury analyzer (Toronto, Canada), wherein the effluent from the UV photoreactor was directly merged with the Ar flow. The resultant volatile species were transported by the Ar flow from the gas-liquid separator directly to a heated quartz tube atomizer (QTA) via a 60-cm length of PTFE 6 mm i.d. transfer tubing. The QTA temperature was maintained at 900 C using a PerkinElmer FIAS-400 flow injection accessory to provide the power and temperature feedback. The former was controlled with the use of a dedicated, separate PC. A flow rate of 10 mL min -1 H2 was introduced via a second line into the atomizer to aid in the atomization of selenium.
The QTA was mounted in the burner compartment of a PerkinElmer Model AAnalyst 100 atomic absorption spectrometer fitted with a PerkinElmer electrodeless discharge lamp operated at 5 W. Radiation was detected at a resonance wavelength of 196.0 nm using a bandpass of 0.2 nm (low slit). Simultaneous deuterium background corrections were applied for all measurements. Both peak-height and integrated absorbance measurements were recorded.
As noted above, for some experiments, the quartz tubing comprising the 8 W photoreactor was coated internally with an adherent film of TiO2 to serve as a photocatalyst. Details of this procedure are reported below.
A PerkinElmer Optima 3000 radial view ICP-OES system was used to assess the relative purity of the organoselenium compounds under study. This same instrument was also interfaced to the PVG system such that volatile reaction products swept from the gas-liquid separator were blended with a 0.8 L min -1 flow of Ar transfer gas and directly transported to the base of the torch (spray chamber removed) to permit their introduction into the ICP. In this manner, the relative response from each of the studied selenium compounds could be evaluated in the emission mode as well as in absorption with the QTA system.
Reagents
All solutions were prepared using 18 MΩ-cm deionized, reverse osmosis water (DIW) obtained from a mixed bed ion-exchange system (NanoPure, Model D4744, Barnstead/ Thermoline, Dubuque, IA). Calibration solutions were prepared daily by diluting the stock solutions. Solutions of low-molecularweight organic acids (LMW) were prepared from analytical reagent grade materials: formic acid (23 M, Anachemica, Canada), acetic acid (6.3 M, BDH, Canada) and propionic acid (13 M, BDH). High purity acids were prepared by sub-boiling distillation of the reagent grade feedstocks using a quartz still. Titanium(IV) isopropoxide (98+%, ACROS, NJ, USA) was used for preparing the titania photocatalyst. All gases (H2, Ar) were of high purity, and obtained from Praxair Products Inc. (Mississauga, ON, Canada) .
Organoselenium test compounds were obtained from Pharmase (http://www.pharmase.com/). Gravimetrically prepared solutions of L-selenocysteine, selenobetaine, γ-glutamyl-Se-methylselenocysteine, selenomethionine, selenomethylselenocysteine and selenocystamine were verified for the Se content by comparing the relative ICP-OES response from solutions of each compound against gravimetrically prepared standards of Se(IV) and Se(VI) derived from selenite (Na2SeO3 99%, Aldrich, USA) and selenate (Na2SeO4 99%, Aldrich). The latter were traceable to an in-house NRC primary standard of Se metal, whose purity had been assessed by glow discharge-mass spectrometry. For these measurements, aliquots of stock solutions of the organoselenium compounds were subjected to pressurized microwave assisted digestion with a mixture of nitric acid and hydrogen peroxide, diluted to volume with DIW and introduced into the ICP. In this manner, any interferences arising from variation in the carbon content of the solutions or vapor pressures of the compounds was obviated.
Procedures Preparation of TiO2 thin film photoreactor.
A solution (A) was prepared by the drop-wise addition of 10.4 mL titanium(IV) isopropoxide to a conical flask containing 40 mL anhydrous ethanol and 3.5 mL diethanolamine (Fisher Scientific) over a period of 10 min, while the contents were vigorously stirred. A second solution (B) was prepared by adding 5 mL DIW to 30 mL of anhydrous ethanol. A peristaltic pump was used to slowly deliver solution B (0.3 mL min -1 ) to solution A while stirring. The mixture was further stirred for 4 h following completion of this step, resulting in the formation of a light-blue colored sol, which was stored in a refrigerator at 4 C. The sol was very stable, having a shelf-life beyond 3 months under such conditions.
A quartz tube (100 cm × 0.3 cm) was successively washed with DIW and ethanol prior to slowly pumping (at 0.3 mL min -1 ) the titania sol through it for 20 min in order to thoroughly coat the interior surface. This was followed by carefully pumping air through the tube to expel the bulk liquid phase, but maintain a wet surface film. The interior of the tube was then dried in an oven at 100 C for 20 min. The dry tube was then placed in a muffle furnace (in a glassblower's shop), and the sol film was calcined for 2 h at 500 C so as to generate a solid adherent and UV transparent thin film of TiO2 on its interior surface. Purity of test compounds. The determination of the purity of the individual organoselenium compounds relative to that of the primary Se(IV) high-purity standard was assessed using ICP-OES. The Se(I) 196.026 nm line was monitored using typical operating conditions; digested samples in matching matrices were introduced using a peristaltic pump. Vapor generation. Volatile selenium compounds were generated when the selenium standard solutions (0.1 mg/kg) containing various LMW acids at different concentrations were pumped through the two photoreactors. The gaseous products were separated from the liquid phase in the gas-liquid separator and flushed into the heated QTA for AAS measurements. The UV irradiation conditions were optimized in an effort to obtain the maximum response from the generated volatile species; these included the residence time of solutions exposed to the UV, the impact of the TiO2 coated reactor and the effect of different LMW organic acids as well as their concentrations. Safety considerations. Some organoselenium compounds may be toxic, and the full range of such compounds produced in these studies may not be known. Essential safety precautions must be taken during all manipulations and an adequate exhaust system available.
Results and Discussion
All tests were conducted with 0.1 mg/kg gravimetrically prepared solutions of each selenium compound. In accordance with earlier studies, 21, 22 acetic acid was found to be superior to formic acid for PVG of Se(IV), and since a little difference in response was obtained when using either 5 or 10% acetic acid (v/v), the former was selected for all subsequent experiments. When exposed to lamp 2 (flowing the test solution through either the uncoated or TiO2 coated quartz tube), a 0.1 mg/kg solution of Se(IV) in 5% (v/v) acetic acid generated a signal of approximately 0.6 absorbance (confirmed linear response region) in the heated QTA, with a measurement precision of 3% RSD. Less precise signals were obtained at higher acid concentrations (6% RSD at 10% (v/v)). With the photoreactor connected to the ICP, the signal intensity was enhanced 21-fold compared to the introduction of a Se(IV) test solution via direct solution nebulization. Assuming that the optimum viewing height above the load coil is the same for both modes, and not accounting for any other effects that may influence the response under these two different sample introduction conditions, the efficiency of PVG is estimated to be at least 40% (this estimate is based on an assumed 2% sample introduction efficiency for direct solution nebulization). 29 This compares well with a value of 50 ± 10% reported earlier for a similar PVG system. 21 The exposure of sample solutions to the 40 W flow-through UV source (lamp 1 in Fig. 1 ) should ensure efficient oxidation of the sample and destruction of the organoselenium compounds to yield predominantly Se(VI) in the effluent. Experiments conducted by Chen et al. 27 using a UV source operating over the range of 250 -370 nm suggested that relatively rapid cleavage by direct photolysis occurs to yield Se(IV) in aqueous solutions of selenomethionine, DL-selenocystine, selenourea and selenomethylselenocysteine. This is followed by slower oxidation of the Se(IV) to Se(VI), believed to be mediated by co-generated OH radicals. Experiments conducted herein with the high intensity flow through UV reactor resulted in not only much more rapid destruction of organoselenium compounds, but also the oxidation of Se(IV) to Se(VI), which was achieved in approximately 20 s. The oxidation of Se(IV) to Se(VI) was greater than 97% efficient in this time period, likely due to the intense 253.7 and 184.9 nm lines arising from this UV lamp and the high flux achieved as a consequence of its design, 28 giving rise to significant photolysis of water to yield the oxidizing OH radicals. Test solutions of 5% acetic acid spiked with Se(IV) produced no response when subjected to irradiation from lamp 1, followed by attempted photoreduction using lamp 2 in the absence of TiO2 catalyst. This was consistent with earlier findings, [20] [21] [22] that Se(VI) is not converted to a volatile product in the absence of a photocatalyst, such as titania. 24 It should be noted that acetic acid is intentionally not supplied to solutions that are irradiated by lamp 1 for two reasons: there was a desire to eliminate any deposition on the wall of the quartz tube in this lamp, and it was unknown whether direct PVG could be accomplished using only this lamp, because the intense oxidation environment likely destroys the acetic acid, leaving the solution free of any organic radicals needed to subsequently form the volatile selenium product. Table 1 summarizes the results for the efficiency of generation of volatile selenium species (assumed to be a combination of SeH2 and SeCO) 20, 22 relative to that achieved for Se(IV), which served as a benchmark for performance in this study. Under the optimized conditions, which included the use of both lamps and the presence of the titania photocatalyst in the system, quantitative conversion of all organoselenium species, as well as Se(VI), to a form (likely Se(VI)) amenable to PVG was achieved. In the absence of a "pre-oxidation" step, effected by lamp 1, a low response was evident for L-selenocystine, selenocystamine and selenobetaine, compared to Se(IV). These species continued to yield poor recovery, even when the TiO2 catalyst was available to promote PVG. Thus, it is evident that the exposure of these compounds to UV radiation from the low-power lamp 2 was not sufficient to ensure their destruction to inorganic selenium, since any Se(IV) or Se(VI) that may have resulted from the oxidation of these compounds would have been "quantitatively" converted to a volatile species. At the lowest flow rate of 1.8 mL min -1 studied here, a partial response was evident from L-selenocystine and selenocystamine, but no signals could be obtained from selenobetaine, which remained completely intractable. In this regard, selenobetaine parallels the characteristics of arsenobetaine, which is also notoriously difficult to oxidize, and is unresponsive to chemical vapor generation using tetrahydridoborate as a reductant. 28, 31 When the generated volatile species were directed to the ICP for detection, the results were comparable to those realized with absorption using the QTA system. In all cases, when the response could be recorded, linear calibration curves were obtained for each species, indicative of a constant conversion efficiency, independent of the species concentration. The precision of replicate measurements was admittedly not impressive (Table 1 ) and the source of this poor performance remains to be identified. However, it is likely to be associated with the gas-liquid phase separation process, because copious gas bubbles arise in both photoreactors, which contribute to the measurement noise in the systems. Table 2 summarizes the impact of the UV irradiation time on the photo-oxidation of selenobetaine, the most resistant of the organo-selenium compounds studied. It is presumed that, at the lowest flow rate of 1.8 mL min -1 , "quantitative" conversion of the selenobetaine to Se(VI) occurs during exposure of the solution to high-intensity UV from lamp 1. By a comparison to the response from solutions of Se(VI), it is evident that the presence of TiO2 catalyst fosters efficient PVG of this form of selenium, even under conditions of the shortest PVG residence time of 133 s in the second photoreactor. The use of UV irradiation times shorter than 20 s is evidently ineffective in completely decomposing the selenobetaine, which exhibits a dramatic decrease in the efficiency of PVG, since the exposure time continues to decrease. The photo-oxidation of the selenobetaine in DIW is kinetically slow.
26,27
Conclusions
Photochemical vapor generation of organoselenium compounds can be accomplished following their UV oxidation in a tandem reactor system that permits the resultant Se(VI) species to be subjected to PVG in an acetic acid medium in the presence of a TiO2 catalyst. In this manner, on-line HPLC separation of the species, as undertaken by Sun et al. 24 for detection of Se(IV) and Se(VI), can be extended to likely enhance the sample introduction efficiency and the detection of all organoselenium compounds of interest by atomic spectrometry. The quantitative oxidation of the organoselenium species to Se(VI) can be accomplished using an efficient high-intensity flow-through lamp at flow rates readily compatible with HPLC separation systems; the resulting effluent can then be subjected to efficient PVG in the presence of a TiO2 catalyst. 
